Over-nutrition and its late consequences are a dominant theme in medicine today. In addition to the health hazards brought on by over-nutrition, the medical community has recently accumulated a roster of health benefits with obesity, grouped under "obesity paradox." Throughout the world and throughout history until the 20 th century, under-nutrition was a dominant evolutionary force. Under-nutrition brings with it a mix of benefits and detriments that are opposite to and continuous with those of overnutrition. This continuum yields J-shaped or U-shaped curves relating body mass index to mortality. The overweight have an elevated risk of dying in middle age of degenerative diseases while the underweight are at increased risk of premature death from infectious conditions. Micronutrient deficiencies, major concerns of nutritional science in the 20 th century, are being neglected. This "hidden hunger" is now surprisingly prevalent in all weight groups, even among the overweight. Because micronutrient replacement is safe, inexpensive, and predictably effective, it is now an exceptionally attractive target for therapy across the spectrum of weight and age. Nutrition-related conditions worthy of special attention from caregivers include excess vitamin A, excess vitamin D, and deficiency of magnesium.
| INTRODUCTION
In the medical literature, obesity is commonly linked to many detrimental health effects including cardiovascular diseases, cancer, type 2 diabetes mellitus, and shortened lifespan. High body mass index during adolescence increases mortality from coronary artery diseases in adulthood. Nearly one third of the people on Earth are either obese or overweight. Obesity remains as a constant challenge. Regardless of age during childhood, an overweight child tends to have increased risks in adulthood of cardiovascular diseases, cancers, type 2 diabetes, and dementia.
Throughout history, famine was a far more important and widespread problem than over-nutrition. Because its effects are predominantly on the young, underweight has had much more influence on our evolution. Over-nutrition is a newer problem that has emerged quite recently. Excess calories protect against early death but lay the foundation of degenerative disorders in middle age. 1 We also review food deprivation (both famine and anorexia nervosa), to complement
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our conclusions about obesity. Calorie deprivation results in an increase in death rates, especially among the young. 2 The U-shaped or J-shaped curves of mortality as a function of body mass index illustrate well the overlap and continuity of the processes ( Figure 1 , Table 1) . 3 Not surprisingly, food deprivation also brings with it micronutrient deficiencies that are frequently overlooked ("hidden hunger"). 5 As we will discuss later, micronutrient deficiencies are unexpectedly common among normal weight and overweight individuals as well. 6, 7 Appropriate replacement of micronutrients may be one of the easiest and most cost-effective therapies in all three groups.
| The negatives of obesity
Currently, the epidemic of obesity constitutes a major focus with its multiple negative outcomes. As noted earlier, obesity, with advancing age, is associated with heightened prevalence of many disorders including cardiovascular diseases, cancer, diabetes, and dementia, along with shortening of lifespan. [8] [9] [10] These disorders are considered to be consequences of the metabolic syndrome. While the late Gerald
Reaven, a leader and pioneer in the field, focused on insulin resistance as a key element strongly related to obesity, later investigators emphasized elements of inflammation, eg, pro-inflammatory cells and cytokines-in the etiology of the metabolic syndrome. 4 Obesity, insulin resistance, and inflammation inter-relate and interact on the path to the late chronic disorders. 11 
| Metabolic syndrome and its longer term consequences
We have been especially impressed by findings from the longitudinal study conducted between 1967 and 2010 involving a national FIGURE 1 Peter et al collected data from 129 904 never-smoked women (left) and men (right) with average age of 45.4 years and followed up for a median of 18.6 years. The black dot represents the body mass index (BMI) associated with minimum mortality. Their results consistently illustrated the U-or J-shaped mortality curves regardless of gender and age group. Optimum BMI in women increased with age. In men, optimal BMI increased slightly from 30 to 50 years and decreased slightly from 50 to 70 years 3   TABLE 1 Comparing low and high BMI-as BMI increases, an individual becomes more protected from infection; wound healing is faster; running speed is slower; muscle mass is increased; and fertility occurs earlier compared with an individual in a lower BMI range
This may explain their propensity to "obesity" and its adverse outcomes despite less elevated BMI.
FIGURE 2
Cumulative mortality from cardiovascular diseases as a function of BMI. BMI of 2.3 million Israeli adolescents between ages of 16 and 19 years were measured and followed up to 44 years. Among 2 298 130 participants, 2918 of the participants died from cardiovascular causes including 1497 from coronary artery disease, 528 from stroke, and 893 from sudden deaths. This longitudinal study showed that adolescents in the 50 th to 74 th percentiles of adiposity, most of whom would be labeled normal weight, at 40 years of follow-up, will show a graded increase in cardiovascular and all-cause mortality 12 FIGURE 3 Body mass index (BMI) and incidence of diabetes in different ethnic groups in Ontario, Canada. A cohort study was conducted from 59 824 nondiabetic men and women of ages 30 years and up. Participants were followed up to 12.8 years for diabetes incidence with the median duration of follow-up of 6 years. The incidence of diabetes increased with increased BMI in all four ethnic groups. After adjusting for gender, age, socioeconomic status, and adiposity, South Asians became diabetic at the lowest BMI values (24 kg/m
| The constant challenge of childhood obesity
At present, nearly 23% of children throughout the world are either overweight or obese. 17 Childhood obesity is the strongest predictor of adult obesity which accelerates onset of diseases including cardiovascular disorders, diabetes, and multiple types of cancer. 17 In developed countries where nutrition is bountiful and death rates from infectious diseases are low, an increase in weight in childhood provides only a few benefits in protecting against infection. 18 In contrast, in developing countries, increased weight provides measurable benefits. 18 An overweight child, regardless of age, carries increased risks of developing type 2 diabetes as a young adult. The association grows stronger as a child remains overweight or obese into adulthood. 17 Early interventions to reduce overweight in children are of great importance in order to reduce the adverse health outcomes as adults.
A recent longitudinal study of 62 565 Danish men illustrated that remission of overweight before puberty that is sustained significantly decreased the risk of type 2 diabetes by the age of 30. Reduction in weight at any age before early adulthood mitigated the risk; weight remission before the age of 13 was associated with the most significant improvement. 17 
| Animals also getting fat
It is well recognized that human obesity is at an epidemic level. It has also been observed that animals are getting fatter. [19] [20] [21] At present, about 30% to 40% of dogs and cats are considered to be overweight or obese. 21 The same negative health consequences of obesity in humans including cardiovascular disorders, diabetes, cancer, and kidney disease are also more prevalent in obese animals. 20 Diabetes mellitus is the most common disease in obese cats. 20 Metabolic syndrome is the most common condition in overweight horses. 20 In a study of over 20 000 animals from 24 populations representing eight different species, there was an increase over time both in percent weight gain per decade and in odds of obesity. 19 The subjects included animals living with or around humans in developed countries as well as those animals in a laboratory setting. 19 There are multiple explanations for obesity in animals that reside near humans. Their diet is largely influenced by what humans eat; their level of physical activity is often decreased due to the sedentary lifestyle of the pet owners. 21 More interesting is that laboratory rats whose diet and environment are strictly controlled are also getting fatter. 19 Although dietary changes and sedentary lifestyle are the major contributory factors of obesity, other promoters of obesity certainly exist. Like humans, animals evolutionarily adapt to the environment, particularly during famine. 22 Their bodies switch to a storage mode in order to conserve energy when food is scarce.
This program of adaptation has few benefits nowadays when food is readily available. 22 Other candidates are the environmental chemicals that disrupt the endocrine system. 19 There is also a growing literature that suggests that changes in the microbiota are contributing to mammalian obesity. 19 The known and as yet undiscovered contributors to this pandemic of obesity in humans and in animals are a high priority.
1.6 | The positives of obesity ("obesity paradox")
Diseases are typically associated with detriments-discomfort, pain, depression, dysfunction, disability, and premature death-with few or no advantages. Obesity is unusual as there are many well-known negative associations of obesity which are partially offset by health benefits. 1 The negative effects of obesity are linked to the metabolic syndrome. 8, 9 The health benefits associated with obesity are often treated with suspicion and gathered under the rubric of the "obesity paradox." 4 The word "paradox" in the Oxford English Dictionary is "a statement or tenet contrary to received opinion or belief, especially one that is incredible, absurd, or fantastic." Thus, the name "obesity paradox" given to the health benefits of obesity can be misleading.
Benefits are not really paradoxical to the detrimental health effects of overweight. Rather, our human bodies evolutionarily adapted to survive in the surroundings where the food sources were scarce and youngsters were at high risk of death due to contagious diseases.
For centuries, infectious diseases by far constituted the major causes of death, especially in the young. 2 Over-nutrition favored longevity. Under-nutrition favored early death. Over the last century, the prevalence of major infectious diseases including tuberculosis and pneumonia have plummeted ( Figure 4 ). 2 The average age of the population has increased substantially ( Figure 5 ). 23 These changes discourage simple interpretations.
Our hypothesis is that the link between nutrition and inflammation is essentially lifelong ("metabolic program"). Throughout life, bountiful nutrition helps fight infections and speeds wound healing (Figures 6-8 ). 4 In youth, the benefits of extra nutrition are great and deficits small.
With increasing age, the obesity-associated acceleration of diseases of old age dominates over the benefits. The picture we see today is highly influenced by shifts in the last 150 years. Clean water, safe milk, modern sewerage, hand washing, immunizations, antibiotics, and other public health and medical advances have enabled a much larger fraction of youth to live into early adulthood and even beyond 70 years, the hallowed "three score and ten." 2, 23 The good and bad of elevated weight are paralleled by the good and bad of low weight-less degenerative diseases with aging but greater susceptibility to infections. 1 With this formulation in mind, let us survey the broader implications.
Until the 20 th century, the focus of evolution was on infectious diseases. Indeed, adiposity provides benefits by preventing or reducing mortality due to several major infections. The benefits clearly extend to non-infectious ("sterile") inflammatory conditions, eg, bone fracture, hypothermia survival, and earlier onset of puberty. 32 We concluded that throughout most of mammalian evolution, extra weight provided better outcomes for most infectious diseases and for many sterile inflammatory conditions (Table 2) , especially in young people who constituted the majority of the population until the 20 th century (Figure 4 ). 
| Emergence of the J-shaped curves
The epidemiological linkages between obesity (expressed as a body mass index) and mortality have been evolving in additional ways.
The monolithic increase in mortality that was associated with higher weight (popular in the 1960s) has been replaced by a U-shaped or, more often, a J-shaped curve 3,69 ( Figure 1 ). The life-lengthening benefit of diminished weight reaches an optimum. Further decrements in body weight are associated with an upswing in mortality. 1, 4 The original explanation for the upswing at lower weights (inclusion of smokers or individuals with pre-existing illnesses) has been discarded. 69 While the biological basis for the upswing in mortality at lower weights remains uncertain, potential explanations are (1) diminution in defenses against infectious diseases (especially tuberculosis and pneumonia), (2) reduction in injury repair mechanisms, and (3) reverse causality, where an undiagnosed illness is causing cachexia and weight loss. 1, 4 Complicating our attempts at explaining these findings is the recognition that obesity is continuously associated with both detrimental effects ( Table 2 ) and health benefits (Table 3 ).
| The effects of famine on infectious diseases
In a previous paper, we summarized the relationship between nutrition on one hand and the morbidity and mortality associated with infectious diseases. 4 Tuberculosis, long associated with both acute and chronic diminution of body weight, was again one of the most serious ; B, Lonnroth et al collected studies that had been carried out over the last 50 years in diverse populations and found that incidence of tuberculosis fell exponentially as body mass index (BMI) increases 25 killers during the two world wars when food was exceptionally scarce and severe malnutrition from starvation was prevalent. 4 A number of epidemiologic studies demonstrated that as body mass index decreases, the risk of tuberculosis increases ( Figure 6A,B) . 24, 25 This inverse relationship has also been reported in mortality from community-acquired pneumonia ( Figure 7) . In large population-based studies in different countries, a reduced body weight tended to worsen the 30-day mortality rate in patients with pneumonia. [26] [27] [28] A similar pattern was noted in patients with sepsis ( Figure 8A ,B,C). [29] [30] [31] In population studies, the tug between underweight and overweight presents as a continuous U-or J-shaped curve. One explanation for the upswing of the mortality curve for underweight subjects is health deficiencies brought on by famine. The association between poverty and infectious diseases has been well documented for centuries. 70 In the past, among individuals from poor areas in the United
States, thousands of lives were lost to cholera, typhus, dysentery, and smallpox. In 1832 and 1854, cholera outbreaks occurred in the poor neighborhoods in New York City. 71 Recent data obtained from Undernutrition and its negative health outcomes are often best appreciated today in neighboring countries where malnutrition is prevalent in one country but not in its neighbor. Kirk Semple, in the New York Times, noted that "tuberculosis in Venezuela is making an aggressive comeback" as their economic crisis was followed by food shortages. 73 Venezuela, once one of the countries with the lowest infectious disease rates in South America, has a rapidly increasing prevalence of tuberculosis. In the past year, the percentage of the population who tested positive for tuberculosis increased by 40%, attributed to the decline in nutrition. 73 
| Anorexia nervosa
The detrimental consequences of underweight are also seen in individuals suffering from anorexia nervosa, an eating disorder in which patients have an intense fear of gaining weight although they are underweight (BMI < 18.5). 74 This results in serious malnutrition that is not often seen in developed countries in the 21 st century. Malnutrition caused by anorexia nervosa affects almost every part of the body.
It often results in medical complications including delayed or reduced fertility, difficulty eating, slowed heart rate, and reduced bone density. 75, 76 Women who lose 10% to 15% of their normal body weight often develop endocrine disturbances that can result in functional infertility. 76 Fortunately, the adverse effects of under-nutrition associated with anorexia nervosa are often reversible simply by weight gain.
In some patients with anorexia nervosa, infertility may be permanent even after nutritional replenishment. Restoration of menses after weight gain is more common. 75, 77 Bradycardia and slowed gastric emptying of food often resolve with weight gain as well. 75 More worrisome is that the severe diminution of body weight seen in patients with anorexia nervosa increases the incidence of infectious diseases. 76, 78 Although patients with anorexia nervosa may show resistance to virus infections, those who have lost more than 60% of their body weight tend to have compromised protection against bacteria, particularly Mycobacterium tuberculosis. 78 In addition, a meta-analysis of 25 studies with 2.5 million adults and children showed that underweight individuals are more prone to community-acquired pneumonia. 79 Impaired bactericidal activity, as with most other complications of anorexia nervosa, is restored with an increase in body weight. 80 1.10 | Micronutrient deficiency-an old concern newly neglected (see Tables 4-21) Nowadays, the focus is on macronutrients. Micronutrients, ie, vitamins and minerals get much less attention. 372 Although required in minute amounts compared with the macronutrients (carbohydrate, protein, and fat), adequate micronutrient levels are critical for normal or optimal metabolic function. 372 Studies on micronutrient deficiencies have advanced but they have not been adequately incorporated into practice by the medical community. Micronutrient insufficiency or deficiency should be suspected whenever food intake is seriously diminished (eg, Like underweight patients, obese and normal weight individuals need to be fully assessed for micronutrient status.
One of the advantages of micronutrient supplementation is that deficiencies can be corrected fast and cost-effectively. For example, patients with vitamin C deficiency often present with fatigue, anorexia, confusion, and bleeding. 374 Fatigue, lethargy, anorexia, and confusion tend to improve within 24 hours of vitamin C replenishment; hemorrhages and bleeding stop in 1 to 2 weeks. 374 Also, delirium seen in thiamine deficiency usually improves within 2 to 3 days of supplementation. 375 Defenses against infectious diseases are compromised by nutritional deficiencies. Discussions of obesity in particular often lack exploration of micronutrients, despite the key role for vitamins and minerals in resisting infections in everyone including those who are overweight. 6, 376 In many communities where food is inexpensive and easily accessible, favorite food choices are often energy-dense but deficient in vitamins and minerals that are essential for health, including optimal immune function. 5, 6 A growing number of obese individuals worldwide have micronutrient deficiencies, especially among individuals of low socioeconomic status with limited access to fresh fruits and vegetables. 7,372,373 "Hidden hunger," the name given to micronutrient deficiencies one hundred years ago, especially vitamins, remains a challenge.
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FIGURE 8 A, Survival with septic shock. Wacharasint et al conducted a retrospective study of 730 patients with septic shock in three different BMI groups. Obese patients had the lowest mortality at 28-day post-admission whereas patients with BMI <25 kg/m 2 had the highest mortality. 29 B, Mice were randomly assigned to be fed either a regular diet or a high fat diet. Mice were fed a pre-selected diet for 53 days prior to infection and for the duration of the experiment. Mice on a high-fat diet weighed 25% more than those on a regular diet. Half of the mice in each of the two diet groups were infected with the Brazil strain of Trypanosoma cruzi. The benefits of overfeeding were apparent that approximately 80% of the mice that were fed a high fat diet survived, whereas about 40% of the regular-diet fed mice survived. 30 C, Experimental peritonitis and sepsis. Cecal ligation and puncture were performed on male mice to produce peritonitis followed by sepsis. Survival rates after cecal ligation and puncture of C57BL/6 mice that were fed a high fat diet (red) for 12 weeks were increased compared with mice fed a regular diet (blue) 1.11.1 | Vitamin A (Table 4) Vitamin A deficiency has long been associated with eye diseases.
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Other consequences of vitamin A deficiency have often been neglected. The powerful role of this vitamin in resistance to systemic infections, forgotten for decades, was recently again recognized.
87,88
Interestingly supplementation with vitamin A, even in youngsters with mild or subclinical ophthalmic disease, led to a remarkable reduction in mortality from infectious agents. 87, 103 A recently growing body of literature links vitamin A deficiency to higher mortality rates from measles in unvaccinated children. 103, 104 Medical professionals and patients need to be cautious with vitamin A. It is one of few micronutrients that easily leads to intoxication with excess consumption, both acute and chronic. 373 The most common route of over-consumption is the use of vitamin A supplements containing retinol palmitate, a form of vitamin A that can easily be harmful if taken in excess. 373 The most worrisome adverse effects of vitamin A intoxication are (1) increased risk of fetal malformations especially during the first trimester when organogenesis occurs, (2) liver abnormalities, and (3) reduced bone mineral density that can result in osteoporosis. 373, 378 The recommended daily dietary allowance for vitamin A is 900 μg for men and 700 μg for women. The tolerable upper intake limit of preformed retinol is 2800 to 3000 μg per day. 373 The severity of hypervitaminosis A is dosage dependent. 378 Over-the-counter vitamin A supplements usually contains approximately 2400 to 3000 μg of vitamin A per tablet. It is crucial for an individual not to exceed a daily dose of 3000 μg of vitamin A supplement. 373 1.11.2 | Vitamin D (Table 5) Vitamin D plays an important role in stimulating production of endogenous antibacterial peptides. 117 Deficiency of vitamin D • Increased risk of deep vein thrombosis and pulmonary embolus 34, 35 • Hypertension, increased risk of stroke 36, 37 • Obstructive sleep apnea 38 Endocrine and reproductive
• Type 2 diabetes mellitus, dyslipidemia 9
• Irregular menses and anovulatory cycles, decreased fertility 39 • Erectile dysfunction 40 • Hirsutism due to increased production of testosterone in females 41 
Oncological
• Increased risk of cancers in esophagus, stomach, thyroid, gallbladder, liver, colon, kidney, postmenopausal breast, endometrium, ovaries, cervix, and leukemias [42] [43] [44] Gastrointestinal and genitourinary
• Gastroesophageal reflux disease (GERD), erosive esophagitis, acute pancreatitis, gallbladder disease, non-alcoholic fatty liver disease, infection in end-stage liver disease [45] [46] [47] [48] • Chronic kidney disease, kidney stones and urinary incontinence [49] [50] [51] Degenerative and inflammatory • Gout; osteoarthritis; back pain 52, 53 Overall health
• Promotes frailty; depression 54, 55 • Increased risk of late-onset dementia 10 Infectious -Usually protected by increased weight (see Table 2 ) but exceptions include:
• Influenza (H1N1) 56, 57 • Multi-morbidity with HIV 58 • H. pylori infection; Clostridium difficile; diverticulitis 59, 60 • Urinary tract infection 61 • Surgical site infection 62 • Nosocomial and skin infection 63 • Gram-negative bacteremia 64 • Periodontal disease 65 • Prosthetic joint infection 66 Immune response to vaccine antigen
• Decreased response to antimicrobial agents, antiviral agents and vaccines (rabies, influenza, tetanus, hepatitis A and B) 67, 68 increases susceptibility to infections, especially of the respiratory tract. 109, 111, 112 Similar to vitamin A deficiency, where pathology involving the eye was well recognized for decades before appreciation of the increased prevalence of infectious diseases, recognition of the bone abnormalities from vitamin D deficiency long antedated the recognition of the heightened susceptibility to infectious diseases. 110 In both of these deficiency states, the increase in prevalence of infections may occur in the absence of anatomic stigmata of the micronutrient deficiency. • Impairment of epithelial barriers 83, 84 • Excessive inflammatory cytokine expression • Reduction in measles morbidity and mortality 103, 104 • Reduction in malaria severity in children of ages 6 months to 5 years 105 • Increased risk of upper and lower respiratory infection 111, 112 • Increased risk of autoimmune diseases 113 • Associated with incident cardiovascular diseases 114 • Increased risk of severe exacerbation in asthmatic children 115 • Increased severity of malaria in children 116 Benefits from Supplementation A) In Vitro/In Vivo
• Improves regulation of antibacterial peptides such as cathelicidin, defensins and hepcidin 117 • Induces autophagy that helps fight human immunodeficiency virus type 1 118 • Stimulates the differentiation of monocytic precursors into mature macrophage-like cells 119 
B) Laboratory Studies
• Restores pancreatic beta-cell dysfunction [106] [107] [108] • Prolongs allograft survival 120 • Protects against colon cancer and Crohn's disease • Decreased atherosclerotic lesion formation 137, 138 • Improved memory and cognition in mice 139 • Protects against streptococcus pneumonia type 1 infection 140 C) Human Studies
• Improves cardiovascular disease and atherosclerosis 141, 142 • Slows Alzheimer disease progression 143 • Reduces risk of retinopathy of prematurity 144 1.11.3 | Vitamin E (Table 6) As a member of the antioxidant and anti-inflammatory family, vitamin E plays a key role in fighting cellular damage as well as inhibiting leukocyte adhesion and platelet aggregation. 135, 136 This may explain why supplementation with vitamin E is known to decrease the formation of atherosclerotic plaques that result from a long-standing inflammatory states. 137, 141, 142 In addition, recent studies have shown that vitamin E status is inversely related to the risk of tuberculosis and its progression. Aibana et al proposed that assessment of vitamin E status among individuals at high risk for tuberculosis may be important. 381 1.11.4 | Vitamin K (Table 7) Due to its role in suppressing inflammation, vitamin K has protective effects against many degenerative diseases including cardiovascularrelated disorders and diabetes. Vitamin K helps to slow the deterioration of arterial elasticity, and supplementation of the vitamin helps improve insulin sensitivity. • Causes hemorrhagic disease of newborn and hypoprothrombinemia 145, 146 • Increases risk of hip fractures 147 • Increases risk of osteoporosis 148 • Increases disease severity in patients with Crohn's disease 149 Benefits from Supplementation A) In Vitro/In Vivo
• Suppresses inflammation 150, 151 • Improves function of coagulation factors, osteocalcin and matrixGla protein (MGP) 152 
• Protects against arthritis in mice 153
• Increased antiparasitic activity against Schistosoma mansoni in mice 154 • Protects against dextran sulphate sodium-induced colitis 155 • Synergizes with Vitamin C against Trypanosoma cruzi 156 
C) Human Studies
• Helps prevent vascular calcifications and reduces risk of congestive heart failure 157, 158 • Helps delay deterioration of arterial elasticity 159 • Helps inhibit growth of liver cancer 160, 161 • Helps treat myelodysplastic syndrome 162 • Helps improve insulin sensitivity 163 • Decreases disease severity in rheumatoid arthritis 164 
TABLE 8 Vitamin B1 (Thiamine) Adverse Effects of Deficiency

A) Human Studies
• Anorexia and weight loss 165 • Beriberi, Wernicke encephalopathy and mental changes including decrease in short-term memory, apathy, confusion and irritability [166] [167] [168] • Impaired glucose metabolism 169 • Enlargement of heart 170 Benefits from Supplementation A) In Vitro/In Vivo • Acts as an anti-oxidant 171 
B) Laboratory Studies
• Improved diabetic nephropathy, retinopathy, and neuropathy in rats 172, 173 • Enhanced recovery and treatment of parasitemia and extensive cardiac lesions with Trypanosoma cruzi 174 
C) Human Studies
• Improved cardio-metabolism in patients with type 2 diabetes mellitus 175 • Improved microalbuminuria, retinopathy, and neuropathy in type 2 diabetic patients 176, 177 
B) Human Studies
• Ariboflavinosis with manifestations of sore throat, hyperemia of pharyngeal mucous membranes, edema of mucous membranes, cheilosis, stomatitis, glossitis, anemia, and seborrheic dermatitis 179 • Anemia of riboflavin deficiency 180 • Demyelinating peripheral neuropathy 181 Benefits from Supplementation A) In Vitro/In Vivo • Antimicrobial effect 182, 183 • Anti-proliferative and anti-metastatic effect on tumor cells 184, 185 • Powerful antioxidant 186 • Involved in energy and micronutrient metabolism 187 
B) Laboratory Studies
• Enhanced resistance to bacterial infection and reduced septic shock mortality in mice 188, 189 C) Human Studies
• Improved hematological response 190 • Prevention of migraine 191 • Improved refractory infectious keratitis and non-healing ulcers when combined with ultraviolet A therapy 192, 193 • Improved neonatal jaundice 194 
TABLE 10 Vitamin B3 (Niacin) Adverse Effects of Deficiency
A) Human Studies
• Pellagra (photosensitive pigmented dermatitis, diarrhea, and dementia; may progress to death) 195 • Neurologic symptoms including insomnia, anxiety, disorientation, delusions, dementia, and encephalopathy 196 • Pronounced watery diarrhea and colitis 196 • Cheilosis, angular fissures, atrophy of the tongue, hypertrophy of the fungiform papillae and painful inflammation of the mouth 195 Benefits from Supplementation A) In Vitro/In Vivo • Antioxidant effects 197 • Anti-inflammatory effects 198 • Anti-thrombotic effects 199 
B) Laboratory Studies
• Inhibition of atherosclerosis progression in mice 200 • Improves neuropathy 201 • Promotes regression of hepatic steatosis in rats 202 
C) Human Studies
• Improves hyperlipidemia 203, 204 • Reduces cardiovascular events and mortality in patients with myocardial infarction 205, 206 • Improves hyperphosphatemia, dyslipidemia, and proteinuria in patients with chronic kidney disease 207, 208 • Decreases serum free fatty acid and increased growth hormone concentration in obese adults and children 209, 210 • Improves recovery from central retinal vein occlusion 211 1.12 | Water-soluble vitamins (Tables 8-16) 1.12.1 | Thiamine (Vitamin B1) (Table 8) Thiamine is an essential nutrient in humans, acting as a cofactor for enzymes involved in glucose and amino acid metabolism. 382 It also helps in synthesis of neurotransmitters and neural conduction by activating chloride channels. 383 Some studies suggested that thiamine may cause increased neutrophil migration and lymphocyte transformation by protecting from toxic oxidative products generated by the peroxidase/H 2 O 2 /halide system. 384 Like magnesium deficiency, thiamine deficiency is under-recognized in obesity and obesity-related chronic disease states. 385 1.12.2 | Riboflavin (Vitamin B2) ( Table 9) Riboflavin deficiency leads to degenerative changes in the nervous system, endocrine dysfunction, anemia, skin disorders, as well as inflammation of the lining of the mouth, throat, and eyes. 386 Riboflavin deficiency immediately impairs priming of NADPH-oxidase 2, which is crucial for an effective phagocytic immune response, reactive oxygen species production and anti-listerial activity. 387 One study suggests that riboflavin deficiency intensifies the pro-inflammatory activities of adipocytes, exaggerating the inflammation in obesity. 388 1.12.3 | Niacin (Vitamin B3) (Table 10) Niacin has been used as a lipid-lowering medication and for its antiinflammatory effects on the cardiovascular system. 205 , 289 Su et al showed that niacin inhibited the progression of cholesterol plaque formation and decreased the level of plasma inflammatory cytokines in mice. 198 In a prospective laboratory study with rats, the combination therapy of niacin and selenium reduced lung inflammation and improved survival rates during sepsis. 389 
| Vitamin B6 (Pyridoxine) (Table 12)
Compared with other B vitamins, deficiency of vitamin B6 is especially renowned for its role in inflammation. [226] [227] [228] [229] [230] Individuals deficient in vitamin B6 tend to have reduced antibody production in response to immunization and reduced proliferation and production of interleukin-2 in response to mitogens. [227] [228] [229] In animal studies, vitamin B6-deficient mice showed lymphoid atrophy, reduced lymphocyte content of lymphoid tissues, reduced phagocytic activity of macrophages, and depressed T-cell mediated cytotoxicity. 229 Supplementation with high doses in critically ill patients improved cell-mediated immune response after 14 days. 238 1.12.5 | Biotin (Vitamin B7) (Table 13) Biotin also plays a role in inflammation especially in dendritic cells of the immune system. 245 Children with hereditary abnormalities of biotin metabolism tend to develop Candida dermatitis and present with • Impaired cellular metabolism 213 
B) Laboratory Studies
• Vitamin B5 deficient mice had lower running times until exhaustion, lower body weights, lower liver and muscle glycogen content, and elevated liver ketone bodies both during rest and after running 214 • Deprivation of vitamin B5 elicits movement disorders and azoospermia in a mouse model 215 
C) Human Studies
• Growth arrest, weight loss, dermatitis, dyslipidemia, neuropathy, adrenal disorders 216, 217 • Acne, paresthesias, irritability, restlessness, sleep disturbances, gastrointestinal disturbances 217, 218 • Retarded skin regeneration after wound healing 219 Benefits of Supplementation A) In Vitro
• Decreases C-reactive protein concentration 220 
B) Laboratory Studies
• Protects against cardiovascular damage induced by streptozocin in rats 221 
C) Human Studies
• Promotes wound healing 222 • Some pantothenic acid analogs repress the proliferation of Plasmodium falciparum, the major human malaria parasite 223 • Pantothenic acid intake increases birth weight and birth length 224 • Reduces pain in patients with rheumatoid arthritis 225 226 • Reduced proliferation and interleukin-2 production in response to mitogens 227, 228 • Reduced antibody production in response to immunization 229 • Altered humoral and cell mediated immune response 230 
B) Laboratory Studies
• Increased risk of cardiovascular disease 231 • Lymphoid tissue atrophy, reduced lymphocyte content of lymph tissues, delayed allograft rejection, depressed antibody production 232 • Reduction in lymphocyte proliferation, phagocytic activity of macrophages, and T-cell mediated cytotoxicity 232 • Increased risk of parasitemia and myocarditis with Trypanosoma cruzi 233 
C) Human Studies
• Seborrheic dermatitis, atrophic glossitis, conjunctivitis, intertrigo, neurologic symptoms (somnolence, confusion, neuropathy, depression, seizure), sideroblastic anemia 234, 235 Benefits of Supplementation A) In Vitro/In Vivo
• Is required for biosynthesis of niacin which functions as antioxidant, anti-inflammatory, and anti-thrombotic 236 • Functions as a coenzyme in a wide range of enzymatic reactions, especially in metabolism 236 
B) Human Studies
• Suppressed proinflammatory cytokines in patients with rheumatoid arthritis who were given daily B6 237 • High doses of vitamin B6 showed improved cell-mediated immune response after 14 days in critically ill patients 238 • Lowered plasma homocysteine concentration in patients with renal disease 239 • Alleviated convulsive seizures of some infants who were fed formula unfortified with B6 240 • Lowered risks of colorectal and lung cancers 241, 242 • Lowered incidence of stroke 243 an IgA deficiency, absence of delayed-hypersensitivity skin-test responses, and subnormal percentage of T-lymphocytes in peripheral blood. 246 Moreover, rodents with biotin deficiency demonstrate decreased antibody synthesis, diminished number of spleen cells, and impaired thymocyte maturation. 250 Biotin is also important in keratin production. 93, 390 Studies showed that biotin supplements can be beneficial for hair and nail growth in individuals with inherited defects that cause biotin deficiency as well as in patients with acquired biotin deficiency, as with alcoholism or pregnancy. 390 Due to its low cost and abundant availability, biotin supplements gained in popularity among the public for its claimed benefits on improvement of hair and nail growth. 1.12.6 | Folate (Vitamin B9) (Table 14) A considerable number of studies have shown that folate deficiency can cause neural tube defects. 271 More commonly neglected is that folate deficiency causes increased oxidative stress and consequently accumulation of reactive oxygen and nitrogen species. 260 As these toxic molecules accumulate, the risk may increase for cardiovascular diseases and many types of cancers.
265-267
1.12.7 | Vitamin B12 (Cobalamin) (Table 15) Although the vast majority of published studies emphasize the megaloblastic anemia and neurologic symptoms associated with vitamin B12, the deficiency may also cause premature cell death and impaired antioxidant enzyme activity. 276, 277 Individuals who lack this vitamin may also have disrupted bactericidal activity that results in higher susceptibility to infections such as tuberculosis. 275 Caution-serum vitamin B12 levels within the normal range do not rule out the possibility a vitamin B12 deficiency state. 391 Patients with this condition, known as functional vitamin B12 deficiency, can manifest symptoms of insufficiency while the serum vitamin B12 level is repeatedly within the normal range. 391 Since "normal" serum vitamin B12 levels can be misleading, high levels of serum methylmalonic acid or of homocysteine more accurately reflect the deficiency of vitamin B12. 391 1.12.8 | Vitamin C (Table 16) Vitamin C is a potent antioxidant and is essential for immune defense mechanisms-both innate and adaptive. As a cofactor for collagen synthesis, vitamin C supports the epithelial barriers and prevents entry of pathogens. 70, 80, 135 Moreover, vitamin C is important to phagocytic cells in killing microbes. 132 Therefore, a decrease in vitamin C status may cause higher susceptibility to infection and delay the duration of • Enhanced inflammatory response of human dendritic cells 245 • Children with hereditary abnormalities of biotin metabolism developed Candida dermatitis and present with absent delayedhypersensitivity skin-test responses, IgA deficiency, and subnormal percentage of T-lymphocytes in peripheral blood 246 
B) Laboratory Studies
• Marginal biotin deficiency is highly teratogenic in mice 247 • Disturbed brain fatty acid composition 248 • Increased odd-chain fatty acid accumulation 249 • In mice and rats, biotin deficiency decreased antibody synthesis, number of spleen cells, and the percentage of B lymphocytes in spleen as well as impairs thymocyte maturation 250 
C) Human Studies
• Causes developmental delay, hypotonia, lethargy in infants 249 • Results in brittle and thin fingernails, alopecia, conjunctivitis, dermatitis, ataxia, unusual distribution of facial fat, neurological symptoms (seizures, irreversible neurosensory hearing loss, optic atrophy, depression, lethargy, hallucination, as well as numbness and tingling of the fingernails) 249 Benefits of Supplementation A) In Vitro/In Vivo
• Potentiates glucose-stimulated insulin secretion 251, 252 • Increases glucokinase mRNA expression which is considered to be the glucosensor of the pancreatic beta cells 251, 253 
B) Laboratory Studies
• Glucose tolerance is decreased in mice 254 • Decreases hyperlipidemia in mice 255 
C) Human Studies
• Improved fasting glucose and insulin levels in diabetic patients 256 • Resolved hypotonia of biotin deficient infants 249 • Resolved depression and healing of the rash within a few weeks 249 • Supplementation of biotin to sperm preparation medium increased the motility and longevity 257 • Promoted growth of hair followed by accelerated mental and motor development in infants 249 • Modifies hepatic morphology 258 259 • Increases oxidative stress and accumulation of reactive oxygen and nitrogen species 260 
B) Laboratory Studies
• Maternal folate deficiency causes fetal growth restriction in mice 261 • Impairs decidual angiogenesis in pregnant mice 262 • Impairs cochlear function in mice from oxidative stress in cochlea 263 
C) Human Studies
• Results in megaloblastic anemia, neural tube birth defects (spina bifida, paralysis, anencephaly) 264 • Increases the risk of cardiovascular disease, cancers, cognitive decline [265] [266] [267] Benefits of Supplementation A) Laboratory Studies
• Maternal folate supplementation improves behavior disorders induced by prenatal high-fat diet 268 • Maternal supplementation suppresses ethanol-induced developmental toxicity in mouse fetuses 269 • Protects mitochondrial and contractile functions in a murine model of cardiac pressure overload 270 
B) Human Studies
• Maternal folic acid supplementation prevents neural tube defects up to 70% 271 • Maternal folic acid supplementation before and during pregnancy protects against the risk of childhood leukemia in the offspring 272 • Lowers risk of many types of cancer 273 • Slows the decline in hearing with aging 274 recovery from infectious diseases. Individuals with scurvy, the most well-known vitamin C deficiency disease, often manifest with markedly decreased immune function. 71 Respiratory infection, particularly pneumonia, is one of the major complications and causes of death in scurvy.
80,132
1.13 | Minerals (Tables 17-21) 1.13.1 | Magnesium (Table 17) Magnesium is a mineral compartmentalized within the cell and mostly bound to proteins. 392 Biochemical, neuromuscular, bone, and cardiac complications are the most prevalent findings in magnesium-deficient patients. Magnesium deficiency has been reported to result in impaired insulin secretion as well as insulin resistance and hypertension. [392] [393] [394] [395] Low serum magnesium increases parathyroid hormone (PTH) secretion, mimicking primary hyperparathyroidism; the increase in PTH can produce loss of bone mass and decreased cortical bone thickness.
396
Magnesium deficiency also impairs adaptive immune response, while inducing inflammation in vivo and in vitro. 397 The lack of magnesium affects many physiological processes in the body including its role as an immunomodulator. Magnesium deficiency leads to cardiac • Causes premature cell death and abnormal leukopoiesis 275, 276 • Impairs antioxidant enzyme activity 277 • Results in higher susceptibility to tuberculosis 275 • Increases interleukin-6 in vitamin B12 deficient diabetic patients 277 
B) Laboratory Studies
• Maternal B12 deficiency increases the risk of recurrent, spontaneous, early pregnancy losses 278 • Pregnant mice with vitamin B12 deficiency give offspring of lower birth weight 279 • Offspring of vitamin B12 deficient mice have lower lean body mass and fat free mass than the controls 280 • Vitamin B12 deficient mice have higher body fat percentage and dyslipidemia 279 • Impairs carbohydrate and fat metabolism in mice 281 
C) Human Studies
• Can have neurologic manifestations (diminished vibratory and position sense and paresthesia, ataxia, spasticity, incontinence) [282] [283] [284] • Causes cerebral manifestations (decreased memory, depression, personality changes, psychosis, occasionally delirium) [282] [283] [284] • Causes megaloblastic anemia 285 • Results in ineffective hematopoiesis 276 • Causes myelopathy, optic neuritis, visual changes and autonomic dysfunction 286 • Can manifest with glossitis, unexplained weight loss, transient intestinal malabsorption, skin darkening, reddish hair, nail pigment changes, and impaired bone formation • Spasticity, weakness, tremors, and nonfatal convulsions 306 • Reduces growth rate; alopecia and skin lesions 307 • Edema, hypertrophic gums, leukocytosis 307 
B) Human Studies
• Myocardial infarction, cardiac arrhythmia, hypertension [308] [309] [310] • Impairs bone and mineral metabolism 311 • Increases risk of preeclampsia during pregnancy 312 • Impairs potassium homeostasis (Table 18) The amount of iron in the diet is generally related to energy intake. 401 When iron requirements are greater than energy demands, deficiency occurs and anemia evolves. The strongest evidence to date suggests • Impairs contractility of human cardiomyocytes 324 • Increases frequency of respiratory infections in children 325 • Increases risks of preterm delivery, low birth weight, and maternal and child mortality 326 • Developmental delay 327 • Restless syndrome 328 • Decreases thyroid hormone synthesis • Predisposes mice to pre-neoplastic lesion 335 • Impairs exocrine pancreatic activity 336 • Impairs cognitive function in rats • Improves immune response against cancer in patients with diabetes and metabolic syndrome 343 • Reduces total cholesterol, LDL, and triglycerides in plasma 344 • Decreases incidence of respiratory infection 345 • Decreases incidence of secretory diarrhea 345 • Improves cognitive performance and neuropsychological performance 338 • Inhibits aflatoxin B1-induced cytotoxicity and genotoxicity in human hepatocytes 346 
TABLE 21 Selenium Adverse Effects of Deficiency
A) Laboratory Studies
• Induces pancreatic atrophy leading to hypoinsulinemic hyperglycemia 358 • Induces autophagy of immune organs in chickens 359 
B) Human Studies
• Develops cardiomyopathy in children and young women (Keshan disease) 360 • Causes adolescent osteoarthritis and joint deformity (Kashin-Beck disease) 361 • Increases pro-inflammatory and pro-fibrotic cytokines in alcoholic liver cirrhosis 362 • Impairs the conversion of T4 to T3 363 Benefits from Supplementation A) In Vitro/In Vivo
• Improves ischemia and reperfusion via antioxidant property 364 • Protects against infection from Plasmodium falciparum 365 
B) Laboratory Studies
• Improves antioxidant balance and innate immune status 366, 367 • Improves glucose intolerance 366 • Improves growth 367 
C) Human Studies
• Reduces oxidative stress and inflammation in coronary heart diseases 368 • Improves CD4 cell count, HIV viral load, and quality of life in HIVinfected patients 369 • Decreases risks of opportunistic infections in HIV patients 369 • Improves inflammatory reactions in patients with severe sepsis 370 • Prevents skin aging via UVA-photoprotection 371 349, 350 • Increases serum cholesterol and glucose intolerance 350 • Adult onset peripheral neuropathy 351 • Reduces fertility in men 352 • Depigmentation • Promotes angiogenesis by stimulating endothelial proliferation 355 • Prevents neuro-degeneration such as in Parkinson disease 356 • Slows aging of the skin by improving skin regeneration 357 that most functional deficits occur with the development of anemia. 402, 403 However, even mild and moderate forms of iron deficiency anemia can be associated with functional impairments affecting cognitive function, immunity, work capacity, and the ability to regulate body temperature properly. [402] [403] [404] [405] [406] Evidence is accumulating that
Helicobacter pylori infection is associated with an increased risk of anemia and low iron stores. [406] [407] [408] [409] 1.13.3 | Zinc (Table 19) Zinc has catalytic, structural, and regulatory roles. 406 Zinc deficiency leads to immune dysfunction and increased susceptibility to infection. 407 A diet insufficient in zinc may result in atypical regulation of cytokine genes that, in turn, may disrupt the balance of cell-mediated versus humoral immunity. [406] [407] [408] This imbalance can lead to an increased risk of parasitic and microbial infections. 
